onal flow was carried out in a low speed axial compressor stage with aspect ratio of 2. Data were obtained over a range of flow coefficient. The origin of large high loss regions in each blade row was found by means of a diffusion factor. The loss coefficient of rotor and stator blade rows was established on the basis of both rotating; and stationary pressure probes. The predicted rotor and stator loss coefficient was compared with experiment. 
SUPERSCRIPTS
( ) pitchwise averaged value () average over the entire measuring plane necessary information is also the distribution of the deviation angle and loss along the radius of the machine. In spite of the good results obtained in (1) the research still falls short of data describing the mechanism of three-dimensional flow in the blade rows. This has led, in recent years, to considerable amount of investigations mostly in low speed machines. Dring et al. (2) were studying the flow in the rotor blade row with high aerodynamic loading and low aspect ratio h/c=1.0.Experiments were made even with the effect of thickned inlet end wall boundary layer (3) . Measurements were performed also in the second stator blade row of a two-stage compressor with aspect ratio h/c=1.5 (4). Lakshminarayana and associates examine the flow mechanism and structure within the blade ro,,vs of compressor stages (5 ), (6) using up-to-date measurement technique. Hunter and Cumpsty (7) made a thorough investigation of the flow at a casing of an isolated rotor row by the hot wire method. These and other works have made it possible to extend the insight into the physical structure of the flow in axial compressors.
This paper deals with some results of an experimental investigation of three-dimensional flow in a compressor stage with aspect ratio h/c=2.0 and a moderate aerodynamic loading (8) . In contrast to the above mentioned studies it investigates the interaction of the rotor and stator blade rows including the origin of large regions of high loRses at the end walls. The frequency of interaction of the inlet guide vanes and rotor blades was f=1 580 and/or 1660 Hz. It was higher than in the UTRC test rig (4) f'--500 Hz,and consequently, spectacular differences could be found between the data of the rotating and stationary pressure probes. The conclusion of the paper compares the theoretical and experimental values of the loss coefficient of the rotor and stator rows.
TEST RIG AND MEASUREMENT TECHNIQUE
The SVUSS low-speed test compressor consists of inlet guide, rotor and stator blades (Fig. 1) . The outer and inner diameters of the stage are constant. The hub-tip ratio is 0.667 having external diameter 600 mm.The profiles of rotor and stator blades are NACA 65-series with a circular arc camber line.The blading of the stage has been designed in terms of the free vortex law. Some parameters of the blading design are presented in Table  1 . The blade geometry is defined at the mid--span. Reynolds number Re=UtcR/v is Re-230000. The tip clearance of the rotor blade row is 0.85 % span. At the casing and hub of stator blade row there is no clearance. The design values of the pressure coefficient yJ and flow coefficient is 1.08 and 0.83 respectively, while the roTationalvelocity is taken for the mean radius r m= (rt+rh)/2.Measurements were performed at a shaft speed of 2500 rpm.
The flow fields and losses were investigated at four flow coefficients ( Fig. 2) probes. The flow parameters were determined in terms of the indirect method (9) where the probe is not turned into flow direction during traversing. In the plane before the rotor row measurements were taken also of the total pressure of relative flow by a rotating total pressure probe whose head is shown in Fig. 15 . The measurements were taken on 10 to 12 radial locations. The rotating system pressures were converted to the stationary system by a pressure transfer device, where the air channels are isolated by sealing
The flow parameters obtained from the pressure probe data and thermocouples were averaged over the blade pitch. The average value of axial velocity was determined by area averaging. The mean values of the peripheral and radial velocity components, of total pressure and total temperature were obtained by mass averaging. The static tempenatuure and pressure were then determined n ins fundamental relationships of fluid dynamics. The average value of flow angle was established on the basis of area averaged axial and mass averaged peripheral velocity componeritn.
Absolute measurements uncertainity of pressure was ±0.4 % of dynamic pressure u based on wheel speed Um. The flow angles measured by the stationary and rotating probe were recorded with accuracy of -0.5 deg and -1 deg, respectively. The measurement uncertainity of temperature was estimated at ±0.3K.
THREE-DIMENSIONAL FLOW IN A CON:PRESSOR STAGE

Rotor blade row
In the analysis of three-dimensional flow in blade rows of turbomachines the flow is often divided into primary and secondary components. The blade channel flow is divided into elementary flow tubes. The blade elements obtained in this way are then replaced by plane cascades. This hypothetical flow in the elements is denoted as primary. The phenomena which disturb this idealized flow are termed secondary. Fig.3 shows the secondary velocity vectors W s in terms of this definition in the plane behind the rotor row for design flow coefficient =0.84. Here, the outlet angle distribution of the primary flow at the casing and at the hub was obtained by extrapolating the pitchwise averaged values of the flow angle in the mid-span region to aonuar walls. The secondary velocity vector Ws= Wr +Un is the resultant of radial velocity Wr and component normal to the direction of primary flow Pun. In the design value of flow coefficient =0.84, about 25 per cent blade height near the hub and 10 per cent near the casing is affected by secondary flow. The secondary velocity vector chart at the casing implies a vortex flow occasioned by relative movement of the end wall and the blade tip, and by leakage flow through tip clearance due to pressure gradient. The low energy fluid accumulates in the closed area (core) near the casing, as follows from Fig.4 , where the contour plots of total pressure coefficient Cp I in the plane behind the rotor row are shown. As a similar flow pattern is described in papers (2), (6) and (7), no detailed analysis is given here.
The hub wall boundary layer is skewed at the rotor inlet due to transition from the stationary hub to the rotating hub.The skewed boundary layer entering the rotor row is layer move from the pressure to the suction side of the adjacent blade (Fig.3) .The low energy fluid is transported from the annular boundary layer to the corner formed by the suction side of the blade and the huh.in the corner there is a separated zone causing high losses and covering almost the whole blade pitch near the hub (Fig.4) .This zone occupies a larger part of the passage at the hub than in the cases of the UTRC rotor blade row with a thin (2) and a thick (3) inlet, end wall boundary layer. This might be due to the value of the _''ir"Iensionless number A = =di n /s cot si n , which in our rotor row attains the value A=0.75 but in the UTRC rotor only Tn Fiw.3 one can observe the radial flows toward the hub of the blade pressure surface of the wake and toward the tip of the blade suction surface of the wake. The stage bledinc is designed according to the free--vortex rule with spanwise constant blade circulation. The radial derivative of relative outlet angle at ( =0.84 is less than the free-vortex value in the mid-span region as follows from Fig.5 . Due to the spanwise gradient of the circulation the shed vorticity produces the radial flows in the wake as explained in greater detail in paper (2) .
When the flow coefficient drops to =0.6,R the wake covers a considerable part of the blade passage. Fear the casing the core with low energy fluid grows moving toward the pressure side of the blade. Due to radial transport of the high total pressure fluid a domain of negative values of total pressure coefficient Cp^p appears in the corner near t?be hub. The character of the radial flow in the wake is sirrnilar to that at =0.84.
In close vicinity of the surge point =0.57 it comes to the "bursting" of the core near the casing. A large region of the low total pressure fluid arises in the upper half of the rotor blade. There is a flow redistribution in the passage as can be seen f:" om the distortion of the axial. velocity profile in the rotor outlet plane (Fie.6). The domain of high losses originated probably from a flow separation on the suction surface o* the blade. The flow separation could be caused by a high aerodynamic loading of the blade tip as it will be described below in Fig.12 . The low energy fluid is transported toward the hub in the upper part of the channel, as results from Fi.g.7 showing the curves of radial velocity along the rotor blade pitch for three typical radii. The radial flow produced that above mentioned extensive region of high losses near the casing. Near the hub the character of the radial flow is similar to that found in rate =0.84.however, the invi_scid model of trailing vortex sheet cannot describe the radial flow in the wake at =0.57. Near the hub the relative outlet angle has a characteristic development caused by the corner stall (Fig.5) . This development in the relative system it is found to have only about half the magnitude in the absolute system. This is important if a comparison of rotor-relative loss measurements with two-dimensional steady cascade data is to be meaningful. The rotor-relative losses can be calculated from the DPDS measurements since the DPDS technique determines the total pressure as well as the velocity vector. The loss coefficient 13 for a blade element is defined as (see Appendix B)
Pt2Rid -Pt2R
For the rotor, assuming that the inlet flow is axisymmetric, Pt2Rid, Pt1R and P1 are constant values derived from combination probe data and only Pt2R,the relative total pressure at the rotor outlet, varies circumferentially. The derivation of P t 2R from measured quantities in the absolute frame is given in Appendix B. The calculation of Pt2R and w was carried out for the DPDS data at the five radii measured and the results are shown in Fig 8. At 26% span the blade wakes are rather wide, probably due to an incidence angle of 6°.
At larger radii (>55% span), the region between two blade wakes ceases to be loss free. At these locations, from Fig 5 it can be seen that the relative inlet Mach number is 0.85 or larger. Since this exceeds the critical Mach number, it is required that a shock be present in the passage. In Refs 8 and 9 it is proposed that such a shock will produce a loss, that rises gradually from its lowest value at the pressure surface to its highest value at the suction surface. In this inviscid model, in the region of the blade wake, a discontinuity between suction surface and 
Hub at 0% Circumferential Position, Two Passages The increase in loss from pressure to suction surface is largely the result of the increase in Mach number due to the acceleration of the flow over the suction surface. This simple model appeared to explain the trends in the measured losses quite well. In order to obtain values for the shock loss from the measurements, the loss distribution outside the wake was approximated with a first order polynominal. The center of the wake was determined from the blade-to-blade distribution of relative outlet Mach number as the point where the pitch angle changed through the time averaged value from the highest to the lowest value. Using the linear approximation the shock losses were integrated at each of the radii where supercritical conditions occured.
Also, to obtain the total loss at each radius, the relative outlet total pressure, Pt2R, was mass-averaged circumferentially and used in Eq. (1). The radial distributions of shock and total losses derived from the DPDS measurements, are shown in Fig 9. The total losses calculated from combination probe surveys are also included in Fig 9 . On the dominant blade passing frequency is imposed an oscillation which varies in amplitude depending on the particular blade passage. The oscillation occured at a transducer and at a blade-to-blade location which suggested that it originated from the passage shock. A frequency analyzer, with a frequency capability to 7.1 GHz and a samplinginterval which depends on the selected frequency range, was used to analyse the transducer signals. The results showed that the oscillation frequency was some twenty times as large as the blade passing frequency. The variation of the oscillation frequency as the rotor speed increased is shown in Fig 11. It is noted that as the speed was increased, a larger number of blade passages and different transducers through the rotor passage exhibited the high frequency oscillation.
Also the oscillation amplitude appeared to increase with speed.
While the The measurements resulted in data for the shock loss and the total loss as a function of radial position (Fig 9) . In order to isolate shock loss from the total loss, an extrapolation of the inviscid flow behavior to a discontinuity in the blade wake was required. Clearly, integration of the viscous wake profile when shocks are present in the outer flow gives a loss which is partly profile loss and partly shock loss. Thus the profile loss cannot be identified separately from the measurements. The profile losses which would be expected from the off-design correlations of Lieblein (Ref 13) were examined. From the combination probe measurements of inlet and outlet velocities and the known blading geometry, the equivalent diffusion factors, wake momentum thicknesses and hence profile losses were calculated for each stream surface following Ref 13. Since the correlation for wake momentum thickness versus equivalent diffusion factor involves an uncertainty band, a possible range for the profile losses is calculated. The results are shown in Fig 12. 20000 20500 21000 21500 Fig. 11 Measurements of the High Frequency Oscillation as a Function of Rotor Speed at Open Throttle frequency is too high for structual response to be a concern, the Strouhal number based on relative velocity magnitude and blade thickness at the tip is between 0.1 and 0.2. Thus, shock oscillation coupled with vortex shedding is a probable mechanism. Assuming that the oscillation was caused by a high frequency movement of the passage shock, an approach proposed in Ref 10 and Ref 11 was followed to calculate the losses which would result from the oscillation. An increase in losses will result from shock oscillation since the increase of entropy rise across a shock is not linear with increasing Mach number and thus, if the Mach number varies about its mean value (due to relative motion), the increase in entropy rise for the high relative Mach number will be larger than the absolute value of the decrease in entropy rise for the low relative value. This produces a larger entropy rise than would be produced by a steady shock at the mean Mach number. Shock oscillation amplitude and frequency as well as mean value of Mach number are therefore the parameters which determine the magnitude of the losses. For the present test conditions, it was found, that due mainly to the low inlet Mach number (-1.04) the losses from the observed shock oscillation would be negligibly small.
ANALYSIS OF THE LOSS MEASUREMENTS
Many attempts have been made to correlate data for losses measured in compressors using models which identify and sum various loss components. They are seen to depart significantly from the qualitative variation expected from the other two. Since the center section of the blade was operating closest to optimum incidence, the higher profile losses given by the FVVOFF are suspect.
The shock losses deduced from the blade-to-blade measurements were compared with the predictions of shock losses incorporated in the computer programs Q3DFLO-81 and FVVOFF. The result is shown in Fig 13 . Since the blade-to-blade flow measurements support the modeling of the flow as being cascade-like out to 80% of the span, it is appropriate to compare the total loss measurements with predictions for the sum of profile and shock loss components. This is shown in Fig  14, where the profile loss is that of Koch & Smith and the shock loss that of Dunker. The agreement is seen to be quite good. Whether similar agreement will be found at higher transonic speeds, or whether stronger three-dimensional effects will be found, will be determined in future tests.
CONCLUSIONS
An axial compressor rotor was operated at moderate transonic inlet conditions and the rotor flow field was examined at inlet and outlet. All components of the outlet velocity vector were determined at 256 points, blade-to-blade, across two identified blade passages at each of 5 radial positions. The capability of the DPDS technique to resolve the radial as well as tangential and axial velocity components of the velocity, including within the rotor wakes, was demonstrated. The losses in the rotor frame of reference were derived as blade-to-blade distributions and the shock losses were evaluated as components of the total loss at each radius • Based on the limited data obtained to sonic relative Mach numbers at the tip, the flow remained cascade-like through the rotor without strong threedimensional or case wall effects to 80% span. A combination of the profile loss model of Koch & Smith and shock loss model of Dunker was found to predict the measured loss distribution quite well. Measurements at higher rotor speeds are now required to examine the validity of the loss models over a range of Mach numbers and to investigate whether or not stronger three-dimensional effects are developed.
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our stage whenever the value of diffusion factor D and/or Deq exceeded the limit D=0.6 and/or Deq=2.2 in region larger than a third of the passage height.
The effect of flow unsteadiness on pressure probe data can be observed in evaluating, the loss coefficient of the blade row. The value of loss coefficient for the rotor and stator blade row in the mid-span region equals approximately its value of a two-dimensional cascade near the design point, if the effect of flow unsteadiness on pressure probe data is excluded or corrected.
